We present constraints on variations in the initial mass function (IMF) of nine local early-type galaxies based on their low mass X-ray binary (LMXB) populations. Comprised of accreting black holes and neutron stars, these LMXBs can be used to constrain the important high mass end of the IMF. We consider the LMXB populations beyond the cores of the galaxies (> 0.2R e ; covering 75 − 90% of their stellar light) and find no evidence for systematic variations of the IMF with velocity dispersion (σ). We reject IMFs which become increasingly bottom heavy with σ, up to steep power-laws (exponent, α > 2.8) in massive galaxies (σ > 300 km s −1 ), for galactocentric radii > 1/4 R e . Previously proposed IMFs that become increasingly bottom heavy with σ are consistent with these data if only the number of low mass stars (< 0.5 M ) varies. We note that our results are consistent with some recent work which proposes that extreme IMFs are only present in the central regions of these galaxies. We also consider IMFs that become increasingly top-heavy with σ, resulting in significantly more LMXBs. Such a model is consistent with these observations, but additional data are required to significantly distinguish between this and an invariant IMF. For six of these galaxies, we directly compare with published "IMF mismatch" parameters from the Atlas3D survey, α dyn . We find good agreement with the LMXB population if galaxies with higher α dyn have more top-heavy IMFs -although we caution that our sample is quite small. Future LMXB observations can provide further insights into the origin of α dyn variations.
INTRODUCTION
The stellar initial mass function (IMF) has an important impact on a wide range of astrophysics, from understanding the collapse of molecular clouds to stellar feedback and large scale structure formation. Unfortunately, constraining the form of the IMF is observationally very challenging, particularly beyond the resolved stellar populations of the Local Group. For this reason a universal IMF, based on that observed in the Milky Way, is commonly adopted for all galaxies. This has a form similar to that presented by Kroupa (2001) and Chabrier (2003) and can be described by the broken power-law dN/dm ∝ m −α , where α 2 = 2.3 for stars with m > 0.5 M and α 1 = 1.3 for lower mass stars with 0.5 > m > 0.08 M . There is no evidence for strong variation in the Milky Way's IMF (e.g. Bastian et al. 2010) . However, observations of the unresolved stellar populations of local early-type galaxies suggests that their IMFs may not be similar, but rather vary systematically with galaxy mass.
The IMF of unresolved stellar populations can be inferred from modeling the integrated emission. Of particular importance are IMF-sensitive spectral features, which can probe the ratio of low-to high-mass stars (Cohen 1978; Faber & French 1980; Carter et al. 1986; Couture & Hardy 1993) . Such work has shown that, as the mass of a galaxy increases, the strength of the giant sensitive Ca ii triplet decreases (Saglia et al. 2002; Cenarro et al. 2003) while the strength of dwarf sensitive features such as Na i and the Wing-Ford molecular FeH band increases (van Dokkum & Conroy 2010 Smith et al. 2012; Spiniello et al. 2012; Ferreras et al. 2013; Spiniello et al. 2014; Smith et al. 2015; La Barbera et al. 2016) . This suggests that the IMF may become increasingly bottom heavy with increasing galaxy mass, although correlations with other parameters, such as metallicity or α-abundance, have also been proposed (e.g. Conroy & van Dokkum 2012; McDermid et al. 2014; La Barbera et al. 2015; Martín-Navarro et al. 2015b; van Dokkum et al. 2016) . Similar conclusions have been drawn from fitting stellar population synthesis models to the full spectra of galaxies (Conroy & van Dokkum 2012; Ferreras et al. 2013; La Barbera et al. 2013) . Spiniello et al. (2015) demonstrated that the inferred variability of the IMF is robust to the choice of stellar populations models. However, inferring the IMF from such observations is complex and Spiniello et al. (2015) do demonstrate significant differences in the inferred magnitude of the IMF variations. Alternative explanations for some of these spectral features have also been suggested -such as including binary stars (although this cannot explain Ca variations, Maccarone 2014) . Recent work has also suggested significant radial variability in the IMF, with the central regions of the most massive galaxies having the most extreme IMFs (e.g. Martín-Navarro et al. 2015a; McConnell et al. 2016; van Dokkum et al. 2016; La Barbera et al. 2016 .
Observations of dwarf galaxies further support the idea of an IMF that becomes increasingly bottom heavy with increasing galaxy mass. Direct stellar counts of the Milky Way satellites Hercules and Leo IV have shown that they have flatter than Kroupa IMFs, consistent with their low masses (Geha et al. 2013 ). Additionally, ultra-compact dwarf galaxies have also been shown to have high M/L ratios that could also be explained by them having a relatively flat IMF (although dark matter fractions could also explain these data; e.g. Haşegan et al. 2005; Mieske & Kroupa 2008 ).
An independent method of inferring the IMF of a galaxy is to determine the mass to light (M/L) ratio via either gravitational lensing or dynamical measurements and compare it to that based on stellar population synthesis models. Treu et al. (2010) studied 56 strong gravitational lensing galaxies and concluded that either the IMF or the dark matter halo must vary. Assuming similar dark matter profiles, these observations suggest that the IMF of the most massive galaxies must have significantly higher M/L than that of the Milky Way Auger et al. 2010 ). However, it should also be noted that observations of some massive (σ > 300 km s −1 ), strong lensing galaxies were found to be consistent with having a Milky Way like IMF and inconsistent with Salpeter or steeper IMFs (Smith & Lucey 2013; Smith et al. 2015; Newman et al. 2016) .
Stellar kinematics have also been used to propose a variable IMF in early-type galaxies. Observations of the fundamental plane (e.g. Dressler et al. 1987; Djorgovski & Davis 1987) have shown that the M/L increases systematically with σ, suggesting that the dark matter fraction and/or IMF vary systematically with σ (e.g. Renzini & Ciotti 1993; Zepf & Silk 1996; Graves & Faber 2010; Dutton et al. 2012; Cappellari et al. 2013) . Through detailed modeling of IFU data, Cappellari et al. (2012 Cappellari et al. ( , 2013 were only able to explain this variation with an IMF model that has a M/L ratio that increases with σ. These dynamical results (as well as those from gravitational lensing) can be explained by an IMF which becomes increasingly bottom-heavy (where more low mass stars add mass but relatively little light), increasingly top-heavy (where an increased number of stellar remnants add additional mass) or, perhaps, both.
The stellar remnant fraction can also provide a test for variations in the IMF. This can be probed via low mass X-ray binaries, which consist of accreting neutron e The effective radius (Re), derived using the formulation of Cappellari et al. (2011) : the average of the B-band Re from de Vaucouleurs et al. (1991) and that based on 2MASS LGA data, Re,2MASS = 1.7 × median(j_r_eff, h_r_eff, k_r_eff) k_ba. f The radius defining the central region that is excluded from our analysis *For NGC 4594 we remove an elliptical inner region with semi-minor axis = 22.5 and semi-major axis = 168 . g Galaxy data from the two micron all sky survey (2MASS) large galaxy atlas (LGA) (Jarrett et al. 2003) , 'total' extrapolated galaxy semi-major axis (rext), ellipticity (e = 1 − b/a), total K-band luminosity within this ellipse (LK ) assuming MK = 3.33. h fraction of LK covered by this study, i.e. in the region rin < r < rext and covered by the HST and Chandra observations. stars and black holes (Weidner et al. 2013a; Peacock et al. 2014) . These LMXBs provide one of the few direct constraints on the massive end of the IMF in old stellar populations. Peacock et al. (2014, hereafter P14) used the LMXB populations of seven local early-type galaxies to show that a variable IMF, which varies from Kroupa like at low galaxy mass to steep power-laws at high galaxy mass, is inconsistent with the observed populations. However, these constraints were limited by a lack of data for low mass galaxies. Recently, Coulter et al. (2017, hereafter C17) published further constraints on IMF variations based on LMXB populations. By considering galaxies with shallow X-ray data, they were able to include more galaxies, at the expense of having few LMXBs per galaxy and only detecting the brightest sources (those with L x > 10 38 erg s −1 ). They confirmed the finding of P14 and extended this work to consider more complex forms of IMF variations. In this paper, we extend this work to consider additional data and models.
LMXB POPULATIONS OF LOCAL EARLY-TYPE GALAXIES
Our approach to constraining variations in the IMF is to utilize the field LMXB populations of galaxies. Our sample of galaxies and their field LMXB populations are taken from P14, Lehmer et al. (2014) and Peacock et al. (2017) . We review these data here, but refer the reader to those papers and the citations therein for further details.
Our sample consists of local (< 20 Mpc) early-type galaxies with deep Chandra observations (> 100 ks). From these Chandra data a low contamination sample of field LMXBs is produced by using HST data to remove globular cluster LMXBs and background AGN. Throughout this paper we consider the number of LMXBs in these galaxies to be the number with L x > 2 × 10 37 erg s −1 (a factor of five times deeper than the sample studied by C17). Six of the galaxies in our sample are complete to this limit (NGC 3115, NGC 3379, NGC 4278, NGC 4594, NGC 4697, NGC 7457) . We also include NGC 4649, NGC 4472 and NGC 1399 whose field LMXB populations are large enough to reliably extrapolate their size to 2 × 10 37 erg s −1 , assuming a universal XLF. For all galaxies we calculate the number of field-LMXBs with L x > 2 × 10 37 erg s −1 based on fitting to this XLF. The galaxy XLFs and details of this fitting are presented in Appendix A.
The number of LMXBs in each galaxy is scaled by the K-band stellar luminosity covered by these Chandra and HST data based on photometry from the 2MASS LGA (Jarrett et al. 2003) . We take the outer extent of each galaxy to be the r ext ellipse, as defined by the 2MASS
LGA catalog. We exclude the innermost regions of each galaxy, with r > 10 − 20 (r in ). This is because the X-ray sensitivity is lower in the central regions due to crowding and/or a hot gas component. The reliability of source classification is also lower in the crowded core regions. Table 1 summarizes the properties of the galaxies in our sample.
THE NUMBER OF FIELD LMXBS
In this Section, we compare the specific frequency of field LMXBs in these galaxies, n x = number LMXBs per 10 10 L K , to predictions from different IMF models. The number of LMXBs is expected to scale directly with the number of neutron stars and black holes in a galaxy. Therefore, n x probes the ratio of the initial number of stars with masses > 8 M to the number of stars currently dominating the galaxy's K-band emission.
Below, we consider the predicted variation of n x with σ for an invariant IMF and IMFs which become either increasingly top or bottom heavy with increasing σ. For reference, Figure 1 compares the top and bottom heavy IMFs that we consider to a Kroupa IMF. We note that many other forms of variable IMF models could be constructed -for example, with multiple breaks, breaks at different stellar masses, or varying multiple components of the IMF. We do not have sufficient data to meaningfully constrain all of this parameter space, so we restrict our discussion to only these forms.
An invariant IMF
Under an invariant IMF, the ratio of high to low mass stars should be similar among the galaxies. This will result in similar fractions of compact objects and, therefore, a similar n x across these galaxies, which all have old stellar populations. Figure 2 shows n x as a function of σ for the nine galaxies studied (black points). The solid grey line is the prediction for an invariant IMF. The formation efficiency of LMXBs is poorly constrained theoretically. We therefore fit the scaling of this (and subsequent) IMF models to the data. This constant IMF provides a reasonable representation of the data, with no clear trends observed with σ. However, significant scatter is observed with χ 2 /ν = 3.8 (for ν = 8). This scatter can not be explained by an IMF that varies systematically with σ. However, it suggests that either another factor influences the formation of these binaries or there is an additional source of error, beyond the Poisson noise considered.
The variation in the LMXB populations of these galaxies is different to the conclusion of P14, where a similar n x was proposed with NGC 3379 the only significant outlier. C17 also found that n x was consistent with a constant value for a slightly larger sample of galaxies, although their uncertainties for individual galaxies were larger due to a brighter X-ray detection limit of L x > 10 38 erg s −1 . The increased variation compared with P14 is driven by the inclusion of NGC 3115 which has a well constrained and even lower n x than NGC 3379. As noted above, this can not be explained The specific frequency of LMXBs, nx = #LM XBs/10 10 LK , as a function of velocity dispersion (σ, black points). The lines compare these data to the predictions presented in P14 for an invariant IMF (solid grey line), an IMF which varies from Kroupa at low σ to a single power law with α = 2.8 at high σ (dashed blue line), and an IMF which varies from Kroupa at low σ to a single power law with α = 1.5 at high σ (dotted red line). The formation efficiency of LMXBs is poorly constrained theoretically. We therefore scale all models to fit the data (and hence predict different nx at low σ, where all models have a similar IMF).
by a correlation with σ. Future observations will allow us to measure n x for larger samples of galaxies and test for correlations with other parameters (see Sections 3.3 and 3.4).
Variations in the IMF with σ
As discussed in Section 1, independent studies based on spectral fitting, stellar dynamics, and gravitational lensing all suggest that the IMF may vary systematically with σ. Observations of large numbers of early-type galaxies have demonstrated a strong correlation between the mass to light ratio (M/L) of a galaxy and its velocity dispersion (σ; e.g. Graves & Faber 2010; Cappellari et al. 2013 , and the references therein). This trend is larger than expected due to stellar population differences, such as metallicity (Graves & Faber 2010, and references therein) . Two explanations are commonly presented to explain this trend. It is thought that higher σ galaxies have higher dark matter fractions and/or IMFs with higher M/L ratios. Through detailed modeling of SAURON IFU spectra of 260 early-type galaxies, Cappellari et al. (2012 Cappellari et al. ( , 2013 argued that dark matter fractions cannot fully explain this trend.
In this Section we assume that the M/L increases due to a systematically varying IMF, as proposed by Graves & Faber (2010) where M/L ∝ σ 0.65 . Cappellari et al. (2013) also propose that the IMF must vary with σ to explain the observed M/L ratio, although they find a smaller exponent. We use the Graves & Faber (2010) relation because the proposed variation in the IMF is more consistent with the variation proposed to explain the observed spectroscopic abundances.
Figures 2 -4, show n x as a function of σ for our sample of galaxies and compares this to the predictions from different variable IMF models, which we describe below.
3.2.1. Kroupa → bottom heavy power-law IMF
In Figure 2 we compare n x as a function of σ to the predictions from the IMF model presented in P14 (dashed-blue line). In this model the IMF becomes more bottom heavy with increasing σ. This model requires that galaxies with σ < 95km s −1 have a Kroupa like IMF and galaxies with σ > 300km s −1 have a single (bottom heavy) power-law IMF with α = 2.8. These values are consistent with the IMFs proposed from both spectroscopic studies (e.g. van Dokkum & Conroy 2010) and dynamical studies (e.g. Cappellari et al. 2012) . For these two IMFs we estimate the observed M/L ratio based on the models of Maraston (2005, re-run for this power-law IMF). As σ increases from 95 to 300 km s This single power-law bottom heavy IMF model is inconsistent with the data with χ 2 /ν = 7.7 (for ν = 8). This is similar to the conclusion of P14, but based on stronger constraints over a broader range of σ. It is also similar to conclusions drawn from considering the brightest LMXBs in a slightly larger sample of galaxies (C17).
Kroupa → top heavy power-law IMF
Proposed variability in the IMF from stellar absorption lines generally requires an IMF which becomes increasingly bottom heavy with σ. However, IMF variability inferred from dynamical and gravitational lensing observations can also be explained by an IMF which becomes increasingly top heavy with σ. For these topheavy IMFs, the M/L ratio is higher for high mass galaxies due to the increased number of stellar remnants produced.
The dotted-red line in Figure 2 shows this increasingly top-heavy IMF model. This is produced following a similar process to that of P14, but where the IMF varies from a Kroupa IMF at σ < 95km s −1 to a single power-law with α = 1.5 for σ > 300km s −1 . Interestingly, this top-heavy single power-law model provides a reasonable representation of these data. This model predicts significantly more LMXBs in high mass galaxies. But, with χ 2 /ν = 4.0 (for ν = 8), the fit is similar to that of the invariant IMF model. Given the scatter observed around both models, the addition of more galaxies is required to distinguish between the distinctly different predictions of these two IMF models.
3.2.3. Kroupa → bottom heavy broken power-law IMF
The spectroscopic evidence for IMF variations has generally focused on lines that are strong in low mass stars. Therefore, while single power-law IMFs have sometimes been invoked to explain observations of the most massive galaxies, the observations only require an increased number of low mass stars (< 0.5 M ). This means that broken power-law IMFs (or equivalent forms) can explain the observations by only varying the fraction of low mass stars. In this section we consider a Kroupa like IMF which has the form:
Here, ξ(m) is the number of stars with mass m. For a Kroupa IMF α 1 = 1.3 and α 2 = 2.3. C17 explored the combined constraints of the LMXB populations and spectroscopic observations. They demonstrated that, while the LMXB populations place strong constraints on α 2 , all of the data can be explained if only α 1 varies significantly. We construct a similar variable bottom heavy IMF model where α 2 is fixed at 2.3 and α 1 varies to explain the observed M/L -σ relation.
We produce stellar populations models using the FSPS models (Conroy et al. 2009; Conroy & Gunn 2010) , implemented under pythonFSPS (ForemanMackey et al. 2014) . We run these models with the MILES spectral libraries and the PADOVA isochrones for a simple stellar population with solar metallicity and an age of 10 Gyr. We produce a group of models for IMFs with α 2 =2.3 and α 1 = 1.3, 1.4, ..., 2.8. Each model generates a M/L ratio for the stellar population which includes the mass of stellar remnants.
For each model, we calculate the σ associated with its M/L by assuming the observed relation M/L = c kro σ 0.65 . Here, the constant c kro is calculated by assuming that galaxies with σ = 100km s bottom heavy BPL model Figure 3 . Data as in Figure 2 . The solid-blue line shows an increasingly bottom heavy IMF model in which the number of low mass stars (< 0.5 M ) increases systematically with σ, with α1 increasing from 1.3 to 2.8 (α2 remains constant at 2.3). The dotted-blue lines are for α2 = −2.16 and -2.48, which are the conservative constraints these data place on variation in the high mass slope.
neutron stars, f CO ) in the stellar population of each IMF via:
Here ξ(m) is taken from Equation 1 and the extra mass term is to calculate f CO as a function of total stellar mass. Using Equation 2, we can calculate n x for each IMF via:
Where M/L K is calculated for each IMF and is required to compare f CO with n x , since this is scaled by the total K-band light, rather than the total mass. The constant of proportionality (c x ) relates to the formation efficiency of LMXBs and should be similar for all of the IMFs. As with all models considered, we leave this constant as a free parameter which we fit to the data. The resulting grid of models predict how n x should vary with σ for increasingly bottom heavy IMFs. The solid-blue line in Figure 3 shows this bottom heavy model. The high mass end of the IMF is fixed, with α 2 = 2.3 and the low mass end becomes increasingly bottom heavy with σ. The blue dots along this line show α 1 = 1.3, 1.4, ..., 2.8 from left to right, respectively. We note that, while these models were constructed to explain the M/L variation, α 1 = 2.8 for the most massive Figure 3 , but where the model is based on an increasingly top heavy IMF. In this model, the number of low mass stars (m < 0.5 M ) is constant (with α1 = 1.3) and the number of high mass stars increases with σ (with α2 varying from 2.3 to 1.5).
galaxies is also consistent with spectroscopic observations of these galaxies.
This model provides a reasonable representation of the data and, with χ 2 /ν = 3.6 (ν = 8), the fit is similar to the invariant IMF model. In this model, the observed M/L ratio trend is accounted for by varying the low mass end of the IMF (which also explains the spectroscopic observations). Given this, we can constrain the permissible variation in the high stellar mass end of the IMF. We fix the scaling of n x to that found for the α 2 = 2.3 IMF and construct a grid of variable α 1 models for a range of fixed α 2 . We define the range of permissible α 2 models to be those which have χ 2 <= 2χ 2 (α 2 = 2.3). This constrains α 2 = 2.30
+0.18
−0.14 , illustrated by the dotted-blue lines in Figure 3 .
We note that by making the scaling of n x a free parameter, we constrain the relative number of LMXBs for a given IMF (and hence the relative number of compact objects). We choose to fix α 2 at 2.3, which is consistent with the stellar populations observed in the Milky Way. However, fixing α 2 at other values mainly changes the scaling of the n x -σ relationship and produces only small changes in the trend observed in Figure 3 . Therefore, since the scaling of n x is a free parameter, similar quality fits can be obtained for a wide range of α 2 . The LMXB population provides strong constraints on the allowable variation in α 2 , rather than its actual value.
Kroupa → top heavy broken power-law IMF
We also consider a variable broken power-law IMF model that is similar to that presented in Section 3.2.3 (above), but where the low mass end of the IMF is fixed (at α 1 = 1.3) and the high mass end (α 2 ) varies with sigma to explain the observed M/L − σ relation. This model is shown as the red line in Figure 4 . The dots along this line show α 2 = 2.3, 2.2, ..., 1.5 from left to right, respectively.
We note that because top-heavy IMF models require significant variations in the number of compact objects produced, they generally produce significant variation in n x . This broken power-law top-heavy IMF model predicts a comparable trend to that of the single power-law top-heavy (α = 1.5) IMF model (see Figure 2 ) and provides a similar quality fit to the data with χ 2 /ν = 3.8 (ν = 8). We draw similar conclusions to those of Section 3.2.2; that we are currently unable to significantly distinguish between an invariant IMF and this variable top-heavy IMF model. However, the predicted n x variations are significant and should be distinguishable with the addition of data for more galaxies. Homogeneous stellar populations data are available for six of the nine galaxies in our sample from the study of McDermid et al. (2015) . They derive mass-weighted parameters from fitting the integrated light within 1R e . In Figure 5 , we plot n x as a function of [Z/H], Mg b and [α/F e] (taken from McDermid et al. 2015) . Our sample of galaxies are selected to span only a small range of [Z/H] and no significant trend with n x is observed over this range (−0.3 < [Z/H] < 0.0). Spearman rank tests (see Figure 5 for values of ρ) suggest positive correlations between n x and both Mg b and [α/F e] and it is perhaps interesting that NGC 4278 has a significantly higher n x and the highest [α/F e]. However, neither correlation is significant due to the small sample size. Larger samples will be required to provide a significant test for correlations between n x and the abundance of light elements. We also note that the radial range covered by our LMXB analysis is not identical to that used in the stellar metallicity analysis. Specifically, the metallicity study goes from the center to 1R e , while our LMXB analysis excludes r < 0.2R e and extends to slightly larger radii. We therefore caution that significant differences among the metallicity gradients in these galaxies may effect our conclusions regarding metallicity effects.
Direct comparison to the IMF mismatch parameter, α dyn
For six of the nine galaxies in our sample, it is possible to compare their n x directly to their "IMF mismatch" factor (α dyn ) derived from dynamical modeling of data from the Atlas3D survey (Cappellari et al. 2012 (Cappellari et al. , 2013 . This parameter compares the M/L ratio calculated from dynamical modeling to that derived from stellar population modeling assuming a Salpeter IMF, i.e. 1.8 Figure 6 . nx as a function of the "IMF mismatch" parameter (α dyn ). α dyn is taken from Cappellari et al. (2013) and is based on comparing the M/L ratios calculated via dynamical modeling to those calculated via stellar population synthesis modeling. The red line shows the variation of nx with α dyn for a variable IMF with α1 fixed at 1.3 and α2 varying from 2.3 to 1.8 (red points, from left to right).
modest. Our sample varies from α dyn ∼ 0.6 (consistent with Kroupa-like IMFs) to α dyn ∼ 0.8, suggesting an IMF with a higher M/L ratio, but less than that of a Salpeter IMF (which is defined to have α dyn = 1.0). Interestingly, the two lowest n x galaxies, NGC 3379 and NGC 7457, do have lower α dyn measurements than the four other galaxies. A Spearman rank test suggests that this is not significant. However, our sample is quite small and quite bimodal in α dyn , limiting the conclusions from such a test.
If higher α dyn is the result of a more bottom heavy broken power-law IMF, such as that discussed in Section 3.2.3, we expect little correlation between α dyn and n x . However, a positive correlation between α dyn and n x would be expected if higher values of α dyn are the result of more top-heavy IMFs. This would result in more stellar remnants, producing the higher M/L ratios and relatively more LMXBs. The solid-red line in this figure shows the effect of an increasingly top heavy IMF on n x . Here, we plot α dyn using the same FSPS models discussed in Sections 3.2.3 and 3.2.4. We vary the IMF by fixing α 1 at 1.3 and increasing α 2 from a Kroupa-like IMF (with α 2 = 2.3) to a top heavy IMF(with α 2 = 1.8). The red points along this line indicate α 2 = 2.3, 2.2, ..., 1.8, from left to right. For each IMF we predict n x based on the relative fraction of stellar remnants produced (see Equations 2 and 3) and scale the resulting function to fit the data. Such a model provides a good fit to the observed n x with χ 2 /ν = 1.53 (ν = 5).
Directly comparing α dyn to n x provides an important constraint on potential IMF variations. The agreement between these LMXB populations and the top-heavy IMFs that could be inferred from dynamical modeling is interesting. However, our sample is currently quite small and the addition of new data will provide sharper tests in the future. In particular, Cappellari et al. (2013) found massive galaxies with α dyn > 1.0, suggesting that they may have the most extreme IMFs.
Radial variations in the IMF
Recent work has proposed that there may be significant radial variations in the IMFs of massive galaxies, with the inner regions ( 0.25R e ) having extremely bottom heavy IMFs and outer regions being more similar to a Milky-Way like IMF (e.g. Martín-Navarro et al. 2015a; McConnell et al. 2016; van Dokkum et al. 2016; La Barbera et al. 2016 .
Unfortunately, it is hard to study such variations with the LMXB data utilized in this paper. This is because we have to exclude the innermost regions of the galaxies due to source confusion. This limits our study to radii > (0.2 − 0.3)R e . Additionally, radially binning the data will results in smaller numbers of LMXBs in each bin and hence weaker constraints on variations.
Previously, C17 considered n x for a similar sample of galaxies inside and outside of 1 R e . They identified no significant evidence for variation over these ranges. However, we note again that this study excluded the innermost regions of the galaxies, so would not be sensitive to IMF variations if they are limited these very central regions.
We are not able to improve on the radial considerations of C17 in this work, but, for comparison with other work, we note in Table 1 the regions covered for each galaxy. For most galaxies, we cover (1/4)R e r 4R e and it is for these regions that our constraints on the IMF are valid. We note that this radial range includes the majority of the galaxy mass (covering 75 − 90% of the K−band light).
Time variable IMF models
Some studies have also invoked time variable IMFs to explain observations of both local and high redshift galaxies (e.g. Vazdekis et al. 1996 Vazdekis et al. , 1997 Davé 2008; Weidner et al. 2013b) . In these models, the IMF becomes increasingly bottom heavy with time. Weidner et al. (2013a) discussed a bimodal IMF which is top heavy at early epochs before transitioning to a bottom heavy IMF. Under certain formulations of this model, they are able to construct present day IMFs which are bottom heavy but have similar remnant fractions and hence similar fractions of LMXBs. While we cannot distinguish between such an IMF and a time independent IMF, that is constructed to have similar numbers of massive stars, our results are in agreement with those of Weidner et al. (2013a) .
CONCLUSIONS
In this paper, we expand on the work of P14 and C17 to help constrain potential variations in the IMF of early-type galaxies based on their LMXB populations. To better constrain proposed IMF models which vary systematically with σ, we include new data for the relatively low mass galaxy NGC 7457.
We consider the LMXB populations over the radial range of (1/4)R e r 4R e and confirm the conclusions of P14 and C17; that there is no evidence for systematic variations in the high mass end of the IMF. However, we note that significant scatter is present in the number of LMXBs and that even the invariant IMF model is formally inconsistent with the data in the absence of significant intrinsic scatter in the relation. This is different from the conclusion of P14 due primarily to the addition of NGC 3115 to the galaxy sample (which has a well constrained but relatively small LMXB population).
We consider the bottom heavy IMF model presented in P14, where the most massive galaxies have a single steep power-law IMF with α = 2.8. Using the improved constraints presented in this paper, we confirm that the variation in the number of LMXBs produced by this steep power-law IMF is inconsistent with the observed populations. We expand on this work to show that broken power-law IMFs in which only the number of low mass stars vary with galaxy mass are consistent with the data. This is similar to the conclusion of C17 and can explain both the LMXB and the spectroscopic observations.
We also consider variable IMF models in which the IMF becomes increasingly top-heavy with σ. We show that variable IMFs constructed from both single powerlaws and broken power-laws produce a similar variation in the number of LMXBs. Due to the observed scatter in n x , we are currently unable to distinguish between these top-heavy IMFs and an invariant IMF. However, these top-heavy IMFs predict significantly more LMXBs in massive galaxies and additional data should enable us to distinguish between an invariant IMF and this increasingly top-heavy IMF.
Recent studies have suggested correlations between the IMF and stellar abundance/ metallicity. We identify no significant trends between n x and stellar populations parameters, but note that our sample of galaxies with such data is small and spans a limited range of metallicities. In the future, larger samples may allow us to test for such correlations.
Six of the galaxies in our sample have estimates of their IMFs from dynamically derived M/L ratios, α dyn . Assuming that galaxies with higher M/L ratios have top-heavier IMFs, we show that the variation of n x with α dyn is consistent with these data. However, our sample of galaxies with both n x and α dyn measurements is small and spans only a limited range of 0.6 < α dyn < 0.8. Future observations of galaxies with higher α dyn will enable us to test this interesting correlation further.
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Where L x is in units of 10 38 erg s −1 and N 0 is the constant of proportionality. It can be seen that this function provides a reasonable representation of the combined XLFs of all of the galaxies (final panel of Figure 7 ). This function is also consistent with previous work (e.g. Kim et al. 2009; Kim & Fabbiano 2010; Zhang et al. 2012; Lehmer et al. 2014; Peacock & Zepf 2016) . We fix the exponents at these values and fit the scaling (N 0 ) to each galaxy's XLF. For the combined XLF, we find that N 0 = 0.60. We note that this updated form of the XLF is slightly flatter than that used in P14, resulting in slightly different extrapolated numbers. Since this form of the XLF better represents those observed, we use these updated values in this paper.
